Sequence, annotation, and analysis of synteny between rice chromosome 3 and diverged grass species
The Rice Chromosome 3 Sequencing Consortium 1, 2 Rice (Oryza sativa L.) chromosome 3 is evolutionarily conserved across the cultivated cereals and shares large blocks of synteny with maize and sorghum, which diverged from rice more than 50 million years ago. To begin to completely understand this chromosome, we sequenced, finished, and annotated 36.1 Mb (∼97%) from O. sativa subsp. japonica cv Nipponbare. Annotation features of the chromosome include 5915 genes, of which 913 are related to transposable elements. A putative function could be assigned to 3064 genes, with another 757 genes annotated as expressed, leaving 2094 that encode hypothetical proteins. Similarity searches against the proteome of Arabidopsis thaliana revealed putative homologs for 67% of the chromosome 3 proteins. Further searches of a nonredundant amino acid database, the Pfam domain database, plant Expressed Sequence Tags, and genomic assemblies from sorghum and maize revealed only 853 nontransposable element related proteins from chromosome 3 that lacked similarity to other known sequences. Interestingly, 426 of these have a paralog within the rice genome. A comparative physical map of the wild progenitor species, Oryza nivara, with japonica chromosome 3 revealed a high degree of sequence identity and synteny between these two species, which diverged ∼10,000 years ago. Although no major rearrangements were detected, the deduced size of the O. nivara chromosome 3 was 21% smaller than that of japonica. Synteny between rice and other cereals using an integrated maize physical map and wheat genetic map was strikingly high, further supporting the use of rice and, in particular, chromosome 3, as a model for comparative studies among the cereals.
[Supplemental material is available online at www.genome.org. The chromosome 3 pseudomolecule sequence data from this study has been submitted to GenBank under accession no. DP000009.] As one of the world's most important food crops, rice has emerged as the leading experimental model for functional and evolutionary genomics of cereals. Rice belongs to the genus Oryza, which is composed of 23 species divided into 10 genome types. Cultivated rice is classified as an AA diploid genome (2n = 24) and has two cultivated species, Oryza sativa and Oryza glaberimma, and six wild relatives. The wild AA genome relatives of cultivated rice are rich sources for new alleles for crop improvement, but their usage has been limited because of sterility of the F 1 hybrids. O. sativa is thought to have originated from the annual plant type Oryza nivara, which was derived from the perennial Oryza rufipogon. Because of its agronomic importance, compact 430-Mb genome, 50 million years of shared evolutionary history with other larger genome cereals (e.g., maize, wheat, and barley), transformation competency, and abundance of robust molecular genetic resources, the scientific community selected rice (Oryza sativa subsp. japonica cv Nipponbare; hereon referred to as japonica) to be completely sequenced. Currently, whole genome draft sequences of rice subspecies japonica and indica (Goff et al. 2002; Yu et al. 2005 ) and finished sequences for japonica chromosomes 1, 4, and 10 have been published (Feng et al. 2002; Sasaki et al. 2002 ; The Rice Chromosome 10 Sequencing Consortium 2003).
As part of the International Rice Genome Sequencing Project (IRGSP), our consortium sequenced japonica chromosome 3 using a clone-by-clone approach. Cytologically, chromosome 3 is the second largest rice chromosome and is one of the most euchromatic chromosomes (Cheng et al. 2001) . It is interesting to note that cytologically, the genetically defined "short arm" of chromosome 3 is really the long arm and vice versa for the "long arm" as the arm ratio of chromosome 3 is 1.13 ‫ע‬ 0.12 based on measurements on meiotic pachytene chromosomes (Cheng et al. 2001) . Genetically, chromosome 3 is 170 cM in length (Harushima et al. 1998 ) and has 27 morphological mutants. In addition, more than 133 agronomic genes/traits per QTL and 963 cDNAs have been found associated with chromosome 3 (http://www.shigen.nig.ac.jp/rice/oryzabase/top/ top.jsp).
Although Oryza separated from maize and sorghum ∼50 million years ago (Mya) and from wheat and barley ∼40 Mya, their common evolutionary history can be traced by the collinear order of genetic markers across their chromosomes. This is particularly true for the short arm of chromosome 3, which shows large stretches of genetic marker collinearity with maize chromosomes 1 and 9, sorghum linkage group L, and barley and wheat chromosomes 4L. In this paper, we report the finished sequence of japonica chromosome 3 and a detailed analysis of its annotated sequence. We show a comprehensive study of the syntenic relationship of rice chromosome 3 with maize and wheat. This study allowed us to construct bacterial artificial chromosome (BAC) clone-based fingerprint contig (FPC) physical maps of the corresponding syntenic maize chromosomes, which will be useful for positional cloning and genome sequencing in maize (Soderlund et al. 2002) . In addition, we were able to reconstruct a BAC/BACend sequence (BES)-based FPC physical map of chromosome 3 from the progenitor of cultivated japonica rice-Oryza nivarawhich allowed us to estimate the level of divergence between these two closely related Oryza species.
Results and Discussion
Structural features of japonica chromosome 3 A total of 323 BAC/P1 artificial chromosome (PAC) clones, 44.6 Mb in total, were used to construct a 36.1-Mb pseudomolecule (virtual contig) ( Table 1 ; Fig. 1 ). The pseudomolecule spans the majority of the chromosome, with five physical gaps present in the two arms, gaps at each telomere, and one gap in the centromere. The centromere of chromosome 3 (CEN3) contains ∼180 kb of the CentO satellite repeats . All gaps, including the centromere and telomere gaps, have been sized using fiber or pachytene FISH, and the size missing from the pseudomolecule is estimated to be ∼1.26 Mb. Clones to close one gap in the tiling path have been identified and are currently being sequenced. However, all attempts to identify additional clones from four BAC/PAC libraries failed, suggesting an underrepresentation of these sequences in existing libraries. In total, the short arm (3S) is 19.4 Mb, whereas the long arm (3L) is 16.7 Mb. The arm lengths are consistent with pachytene chromosomal measurements of chromosome 3 (Cheng et al. 2001) , suggesting that the chromosome arm nomenclature should be reversed. In addition, at 36.1 Mb, chromosome 3 is the second longest chromosome in rice. A total of 339 genetic loci from 595 sequences could be located on chromosome 3, leaving 45 genetically mapped sequenced markers representing 34 genetic loci absent from the virtual contig.
The total amount of repetitive sequence present on rice chromosome 3 is 21.4%, with transposable elements (TE) accounting for >90% of the repetitive sequences (Supplemental Table 1 ). The TEs are predominated with retrotransposons and miniature inverted repeat transposable elements (MITEs). Segments of retrotransposons (2745 segments in total) are present on the chromosome, totaling 3.38 Mb. In comparison, 11,865 MITEs totaling 2.29 Mb are present on chromosome 3. Another feature of chromosome 3 includes the insertions of organellar sequences. In total, 57 (37.8 kb) and 70 (27.6 kb) sequences with significant similarity to the rice chloroplast and mitochondrion, respectively, are present.
Functional features of japonica chromosome 3
A total of 5915 genes could be identified on chromosome 3 (Table 1 ; Fig. 1 ). Of these, 913 were annotated as transposable element related (TE-related), leaving 5002 non-TE genes. There are 267 genes with alternative splice forms, some of which have multiple forms, resulting in a total of 6232 gene models. Of the 5915 total genes, a function could be assigned to 3064 (51.8%), while 757 (12.8%) were annotated as encoding an expressed protein, and 2094 (35.4%) were annotated as encoding a hypothetical protein. The distribution of known versus expressed/ hypothetical genes is consistent with annotation of the other completed japonica chromosomes 1, 4, and 10 (Feng et al. 2002; Sasaki et al. 2002; Rice Chromosome 10 Sequencing Consortium 2003) . If TE-related genes were excluded, one gene was present every 7.2 kb, consistent with the gene density reported by for the entire japonica genome. The distribution of non-TE genes was not even along the chromosome as a reduced frequency of non-TE genes was observed near the centromere with an increased frequency at the telomeres (Fig. 1) . The average gene model had 4.5 exons and was 2567 bp in length (Table 1) , consistent with reports on other finished chromosomes and the whole japonica genome (Feng et al. 2002; Rice Chromosome 10 Sequencing Consortium 2003; Yu et al. 2005) . In addition to these protein-coding genes, 78 transfer RNA genes were identified.
Using EST frequency to assess transcription levels, a clear reduction of expression was apparent near the centromere (Fig.  1) . A detailed examination of expression in six tissues did not reveal a tissue-specific pattern of expression along the chromosome (Supplemental Fig. 1 ). In contrast to the reduced frequency of expressed genes at the centromere, there was a clear enrichment of transposable elements, with the exception of MITEs, present near the centromere (Fig. 1 ). This general pattern has also been observed in Arabidopsis (CSHL/WUGSC/PE Biosystems Arabidopsis Sequencing Consortium 2000; Lippman et al. 2004) . Consistent with previous reports of association with genes, MITEs were preferentially present in the euchromatic arms (Feng et al. 2002; Sasaki et al. 2002; Rice Chromosome 10 Sequencing Consortium 2003) .
The predicted proteome of japonica chromosome 3 is similar to that of other published rice chromosomes. Searches against the predicted proteome of Arabidopsis thaliana with the deduced protein sequences from the 6232 gene models revealed 4201 rice proteins (67%) with a putative ortholog/paralog in the Arabidopsis proteome as defined by a BLASTP E-value of <10
‫5מ‬
. A reduced frequency of homology, 12%-41% of the rice proteins with a putative ortholog, was apparent between japonica chromosome 3 and other model organisms such as Escherichia coli, Synechocystis, yeast, fly, worm, and human (Supplemental Table 2 ). In addition Gene density is reported for all genes and non-TE-related genes (in parentheses). Average length of the genes is determined using the length from the start codon to the stop codon of the longest isoform for all gene models. Table 3 . Construction of paralogous families using a combination of Pfam domains and BLASTP similarity revealed 662 paralogous families representing 2807 proteins. The distribution of proteins in paralogous families is shown in Supplemental Figure 2 with a majority of the proteins belonging to a paralogous family that contained only two members. The largest paralogous family, with 85 members, encodes protein kinase.
To ascertain the number of proteins that could be potentially novel to rice, we assessed the predicted japonica chromosome 3 proteome for similarity to predicted proteins from other genomes and/or the presence of a Pfam domain (Supplemental Fig. 3) . We first excluded all TE-related proteins from our analysis. Of the 5317 non-TE-related proteins, only 1377 did not exhibit sequence similarity to an Arabidopsis protein or a non-rice sequence present in GenBank (BLASTP E-value cutoff of 10 ‫5מ‬ ) or contain a Pfam domain above the trusted cutoff. Of these remaining 1377 proteins, 67 had an EST match to rice (>97% identity), suggesting these are expressed genes. Another 42 and 38 proteins matched a monocot or dicot EST, respectively. A search of assembled gene-enriched sequences from maize and sorghum (A. Chan and P. Rabinowicz, unpubl.) revealed 377 proteins with similarity to one or both of these related cereals, leaving 853 proteins without similarity to an entry in the public databases and, therefore, potentially novel rice genes or artifacts of the annotation methods. Another possibility is that these are rice-specific transposon sequences that we have failed to identify in our filtering processes. Interestingly, 426 of the 853 rice proteins from chromosome 3 have matches to other proteins present in the rice genome.
Further annotation of the predicted proteome was obtained through assignment of Plant GOSlim ontologies. A total of 2250 of the 6232 predicted proteins (36.1%) could be assigned a minimum of one GO term with 8897 GO terms assigned in total, of which 3982 were biological process, 3737 were molecular function, and 1178 were cellular component terms. Molecular function Plant GOSlim terms with at least 20 assignments are shown in Supplemental Figure 4 . A search of databases that contain genomic DNA sequences flanking tagged insertion sites (FSTs; Tos17, Ac/ Ds, T-DNA) revealed a total of 3977 insertions in chromosome 3, of which 2798 could be aligned only with rice chromosome 3. Of the 3977 FST insertions, 2787 were either in a gene or within 500 bp of a gene providing a candidate insertion line for 1146 genes (19.4 % of the 5915 genes) on rice chromosome 3.
Comparison with O. nivara Overall alignment
A total of 3163 paired O. nivara BES were mapped on the japonica chromosome 3 pseudomolecule with an average of Ն98% sequence similarity. Sequence similarity in transcribed regions was 98.8% ‫ע‬ 1.1%, and that in nontranscribed regions was 97.7% ‫ע‬ 1.6%. These paired end sequences were initially found to be associated with 27 FPC contigs that could be further reduced to 16 FPC contigs based on sequence alignment to the japonica chromosome 3 pseudomolecule. The alignment between BES in the FPC contigs and japonica chromosome 3 is graphically represented in Supplemental Figure 5 . A tremendous amount of collinearity between two species was detected across the chromosome, and no major rearrangements were identified based on this alignment.
Reconstructed contigs and coverage
Based on the sequence alignment, ∼35 Mb (∼97%) of the japonica chromosome 3 was covered by the 16 O. nivara FPC contigs. FPC contig size ranged from 0.9 to 5.7 Mb with an average of 2.2 Mb (Supplemental Table 4 ). In the reconstructed O. nivara chromosome 3, 14 gaps, excluding a centromere gap, represented ∼1.2 Mb of sequence. Most gaps were small and ranged from 2.5 to 53 kb with an average of 20 kb in size. However, two large gaps (420 and 490 kb, respectively) were detected near 12.5 Mb and 24.7 Mb on the japonica pseudomolecule. We expect that those regions may contain sequences unique to both japonica and O. nivara or that our analysis failed to detect positive paired BES due to higher sequence divergence than in other regions of the chromosome.
Insertion/deletion analysis
To determine the level of insertions or deletions between japonica chromosome 3 and the reconstructed O. nivara chromosome, we Figure 1 . Distribution of features on japonica chromosome 3. The pseudomolecule was annotated for features including gene models, transcript evidence, repetitive sequences, tRNA genes, genetic markers, organellar insertions, and flanking sequence tags (FSTs). These are identified on the pseudomolecule using a false color display. Genetic markers are positioned at 10-cM intervals (approximately). Physical gaps are noted separately (black ticks) and include the gap at the centromere (red). Gene model density (GD) is noted in two separate tiles, all gene models and non-TE-related gene models. Expression density reflects gene models with transcript evidence. FST denotes the presence of a sequence-tagged insertion among tagged populations. Repetitive sequences are represented by the TE DNA and MITE tiles. tRNA genes and organellar insertions (CP/MT) are also denoted.
compared distances between 2414 paired O. nivara BES, relative to the japonica genome, with empirically determined insert sizes of these same BACs. O. nivara paired BAC ends align to the japonica pseudomolecule with an average distance of 165 kb apart, whereas the average insert size of these same clones was 136 kb. This suggested that japonica chromosome 3 is ∼21% larger than that of O. nivara. Size difference between the two chromosomes was further analyzed in a 200-kb window across the pseudomolecule, and we identified 34 insertion blocks (representing 106 200-kb windows), two deletion blocks (two 200-kb windows), and 36 invariable size blocks (67 200-kb windows) using a 20% size difference cutoff parameter on japonica chromosome 3 ( Fig.  2 ; Supplemental Table 5 ). Insertion blocks accounted for 5.2 Mb of sequence increase in japonica or a 5.2-Mb decrease in O. nivara. Moreover, ∼70% of the insertion blocks (74 of 106 200-kb windows) were localized within 10 Mb from the ends of the chromosome, which suggests that insertion or deletion may occur unequally across the chromosome. Even though repetitive sequences and paralogous gene contents were slightly higher than average (20% for repetitive sequences and 45% for paralogs per genes) within the insertion blocks (Supplemental Table 5 ), we could not detect a sufficient correlation to account for the 5.8-Mb expected sequence insertion into japonica or deletion within O. nivara. These data are consistent with prior reports by Bennetzen and colleagues that rice intergenic regions are highly variable ).
Polymorphic SSRs
Among molecular marker systems, simple sequence repeats (SSRs) have been used successfully not only to detect genetic variation within or between species but also to develop molecular markers tightly linked to agronomically important traits in breeding programs. Since O. nivara is an important source of new genes and allelic variation for the improvement of cultivated rice, we can use the O. nivara chromosome 3 contig/BES map described above to construct a virtual SSR map between japonica and O. nivara that can be used for high-resolution marker-assisted selection in breeding populations.
Our analysis of japonica chromosome 3 revealed a total of 6489 SSRs using RepeatMasker with default parameters. Among those, the trinucleotide repeat was the most abundant repeat class and accounts for ∼57% of the total amount of SSRs, followed by di-(21%), penta-(12%), tetra-(8%), and hexanucleotide repeats (3%). The frequency of chromosome 3 SSRs was very similar to the SSRs found in the entire japonica genome (Supplemental Table 6 ). Further repeat motif analysis showed that CGG/CCG was the predominant repeat motif in both the japonica genome (42%) and japonica chromosome 3 (41%), and that TA was the second most numerous motif (11% in genome and 11% in chromosome 3). Previous work reported that monocot plants are more enriched in GC-rich trinucleotide repeats, mainly CGG/ CCG repeats, than dicots because of their higher overall GC content (Kantety et al. 2002; Morgante et al. 2002) , which is in agreement with our results.
The O. nivara BES showed similar SSR composition with that of japonica chromosome 3 except for a 2% increase in dinucleotide repeats and a 2% decrease in tri-and pentanucleotide repeats (Supplemental Table 6 ). We detected an ∼7% reduction in the CGG/CCG in O. nivara sequences; however, other GC-rich motifs increased by 1%-2% each in trinucleotide repeats.
To detect polymorphic SSRs on chromosome 3 between japonica and O. nivara, we compared the SSR content of 326 mapped O. nivara BES containing SSRs to their corresponding regions in japonica. Of those, 206 SSRs showed the same motif and length (length difference ‫ע‬ 2 bp considered the same length), 118 SSRs representing 87 unique loci showed different SSR length, and two SSRs were present only in the O. nivara sequence. Trinucleotide and dinucleotide repeats were the predominant polymorphic SSRs with 49 and 32 SSRs, respectively. CGG/CCG was the most abundant polymorphic SSR type (25 loci), and GA/TC and TA motifs represented 15 loci each in the chromosome. The base pair positions and SSR compositions of these 118 polymorphic SSRs are shown in detail in Supplemental Table 7 .
Synteny between rice and other major cereals
The genome sizes of the grass family (Poaceae) vary dramatically from ∼400 Mb in rice to 16,000 Mb in wheat. Despite a 35-fold difference in genome size and 50 million years of evolution, a remarkable degree of collinearity has been discovered among these species by comparative genetic mapping (Ahn et al. 1993; Moore et al. 1995; Gale and Devos 1998; Feuillet and Keller 1999) . This collinearity greatly facilitates the isolation of agronomically important genes and our understanding of genome evolution. With the finished sequence of the rice genome, we can obtain greater insight into the syntenic relationship between rice and the major cereals.
Although Goff et al. (2002) published a general idea of mac- Figure 2 . Plot of insertion/deletion/null blocks relative to the O. nivara chromosome 3 FPC map using a 200-kb sliding window across the japonica chromosome 3 pseudomolecule. Percent difference (%D) between sizes from O. nivara paired BAC ends and high-resolution HindIII fingerprints was plotted using a 200-kb window across the japonica chromosome 3 pseudomolecule, where a >20% difference is red (insertion), ‫%02∼%02מ‬ is purple (null), and ‫%02מ<‬ is blue (deletion). Percentage difference was calculated using the following formula: {[(paired BES size) ‫מ‬ (FP size)]/(FP size)} ‫ן‬ 100. A percentage decrease (left) or increase (right) was plotted on the bar graph on either side of the consensus. Regions of the japonica chromosome 3 pseudomolecule that were not covered by O. nivara paired BAC end sequences are represented in gray.
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Cold Spring Harbor Laboratory Press on January 19, 2014 -Published by genome.cshlp.org Downloaded from rosynteny between rice and maize, and maize itself, their results were preliminary and contained errors due to the low-resolution genetic map of maize and their partially unanchored rice draft sequence. Recently Yu et al. (2005) performed a similar analysis with improved japonica and indica whole genome draft sequence and a 1063-marker maize genetic map. We substantially improved the fidelity of this analysis by using our high-resolution FPC physical and genetic map of the maize genome, which is comprised of >15,000 sequenced markers (Coe et al. 2002 ; http:// www.genome.arizona.edu/fpc/maize/) and the finished sequence of japonica chromosome 3. Except for the centromere region, rice chromosome 3 is highly collinear with the maize genome. The short arm of japonica chromosome 3 is highly collinear with the short arm of maize chromosome 1 (1S) and the inverted long arm of maize chromosome 9 (9L), while japonica 3L is highly conserved with maize 1L and the inverted maize 5S (Fig.  3) . These highly syntenic chromosomal regions of maize aligned with the japonica chromosome 3 pseudomolecule, clearly demonstrating the ancient tetraploid origin of the maize genome. Our results corroborate and refine those found by Goff et al. (2002) and Yu et al. (2005) but to a much higher resolution and provide contig and BAC tile information that can be used for localized draft sequence analysis and positional cloning.
The hexaploid nature of bread wheat can tolerate the large deletion of a chromosome fragment. A collection of deletion lines has allowed for the establishment of an overlapping cytogenetically based physical map of wheat (Werner et al. 1992) . Wheat ESTs can be mapped to physical bins with these deletion lines. Recently, Sorrells et al. (2003) established a japonica-wheat synteny map by comparing 4485 bin-mapped wheat ESTs to the ordered japonica BAC/PAC sequence. With more bin-mapped ESTs (Qi et al. 2004 ) and our nonoverlapping japonica chromosome 3 pseudomolecule, a wheat-japonica chromosome 3 syntenic map was constructed (Supplemental Fig. 6 ). We can clearly observe collinearity between japonica chromosome 3S and wheat 4BL/4DL, or with wheat 5AL and 4AS. In addition, japonica 3L is conserved with wheat 5BL/5DL and 4DS or with wheat 4AL and 5AL. The wheat B and D genomes are more similar to each other than to the A genome. The two arms of the 4A genome are switched in comparison to the arms of 4B and 4D. The japonica 3S-wheat 5L synteny, therefore, appears unique to the A genome of wheat. Overall, the sequence of japonica chromosome 3 is highly preserved among the cereals and will be an ideal model chromosome for comparative evolutionary and functional genomics studies in the future.
Conclusions
The availability of sequence and annotation for japonica chromosome 3 provides further insight into the dynamics of the rice genome. The availability of partial genomic sequences for O. nivara, maize, and wheat allowed us to further demonstrate the utility of rice as an "anchor" species for cereal comparative genomics. The completion of japonica chromosome 3 along with the entire rice genome will provide the foundation for trait identification and genome evolutionary studies in the most important family of flowering plants.
Methods
Chromosome 3 was sequenced using a clone-by-clone approach in which large insert BAC and PAC clones were selected for sequencing from multiple libraries (Baba et al. 2000; Chen et al. 2002 ) using a combination of hybridization, BAC end sequence alignment, and/or FPC. Each BAC/PAC was sequenced to ∼8-10-fold sequence redundancy, and gaps were closed using a combination of resequencing, alternative chemistries, microlibraries, and/or transposonmediated sequencing. The pseudomolecule, or virtual contig for the chromosome, was constructed by aligning the BAC/PAC clones and trimming overlapping regions. The complete sequence of the pseudomolecule is available in GenBank (accession no. DP000009).
Genes and gene models were identified through computational methods using the ab initio gene prediction program FGENESH (Salamov and Solovyev 2000) , or through manual curation efforts as described previously (Yuan et al. . Genes are distinct loci on the chromosome and are represented by at least one gene model, which is the structure of the transcribed mRNA. Some genes are represented by more than one gene model because of the presence of alternative splice forms. tRNA genes were identified using tRNAScan (Lowe and Eddy 1997) . Gene models were searched against a nonredundant amino acid database, and domains were identified using the HMMer program with the Pfam database (Bateman et al. 2004 ). The fine structure of the gene models was improved using EST and full-length cDNA evidence using the Program to Assemble Spliced Alignments . Genes were annotated as known or putative if the protein had significant similarity to proteins or Pfam domains in the database. Genes with alignments only to ESTs or other transcripts that lack a known function were annotated as encoding expressed proteins. Genes that were determined solely by ab initio gene finders were annotated as encoding hypothetical proteins. Genes encoding transposable elements were identified and transitively annotated by searching against the TIGR Oryza Repeat Database (Ouyang and Buell 2004) using TBLASTN (Altschul et al. 1990) with an E-value cutoff of 10
‫01מ‬
. Transmembrane domains were identified using TMHMM V2.0 (http://www.cbs.dtu.dk/services/TMHMM/), while signal peptides were identified using SignalP V2.0 (http://www.cbs .dtu.dk/services/SignalP-2.0/). The predicted proteome was searched against other model organisms using BLASTP with an E-value cutoff of 10
‫5מ‬
, and these matches were used to identify putative orthologs and paralogs. Paralogous families were identified using methods described previously involving an algorithmic approach combining Pfam domains (Bateman et al. 2004 ) and novel domains as identified by BLASTP. Plant GOSlim ontologies were assigned by searching the japonica chromosome 3 proteome against the TIGR Arabidopsis thaliana Release 5 proteome (http://www.tigr.org/tdb/e2k1/ath1) using BLASTP. Chromosome 3 proteins were transitively annotated with Plant GOSlim terms derived from Arabidopsis using BLASTP with an E-value cutoff of 10
‫01מ‬
. Proteins annotated as hypothetical, expressed, TE-related, and proteins assigned with GO ids with "unknown" definition were not included. Sequence and annotation features of the japonica chromosome 3 pseudomolecule can be downloaded at ftp://ftp.tigr.org/pub/data/rice/ rice.chr03.v2.1/.
The pseudomolecule was further annotated for features such as repetitive sequences, transcription activity, and distribution of FSTs. Repetitive sequences were identified on japonica chromosome 3 using RepeatMasker (http://www.repeatmasker.org) with the TIGR Oryza Repeat Database and quantitated using a 100-kb window. To identify transcriptional activity, the pseudomolecule was searched against the TIGR Rice Gene Index (Quackenbush et al. 2001 ; http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species =rice), in which the ESTs and Expressed Transcripts (ETs) were binned into six tissue categories (leaf, shoot, flower, seed, root, callus). Using a cutoff criterion of 95% identity over 80% of the EST/FL-cDNA sequence length, the frequency of transcript evidence was determined at 100-kb windows along the chromosome. To identify genes that have a tagged insertion or FST, the pseudomolecule was searched against a collection of 26,725 sequence tags generated from several insertional mutagenesis projects (Greco et al. 2001; Miyao et al. 2003; Kim et al. 2004; Sallaud et al. 2004) .
For synteny analysis between maize and rice, we used the integrated physical and genetic maps of maize. The maize FPC physical map covers ∼94% of the maize genome with 1931 genetically anchored markers and 13,634 EST-derived overgo markers (http://www.genome.arizona.edu). Using the Synteny Mapping and Analysis Program (SyMAP, http://www.agcol .arizona.edu), sequences of these genetic markers and overgooriginated ESTs were BLASTN-searched against the rice chromosome 3 pseudomolecule using an E-value cutoff of 10
, and the synteny blocks were computed. The results can be interactively browsed at http://www.agcol.arizona.edu/symap/maize. The rice-wheat synteny analysis was performed using BLASTN (Evalue cutoff of 10 ‫01מ‬ ) using the wheat genetic markers as the query against the japonica pseudomolecule. The wheat genetic markers were derived from wheat ESTs and bin-mapped with wheat deletion lines (Qi et al. 2004; Sorrells et al. 2003) .
For reconstruction of O. nivara chromosome 3, we used the O. nivara FPC map and BES (Wing et al. 2005) . The initial FPC map was built by assembling 51,056 successful SNaPshot (Luo et al. 2003) fingerprints with a cutoff e-50 and tolerance 4 using FPC. The FPC map was further refined by iterative reassembling with lower stringent cutoff values followed by removal of qclones and automatic contig merging of contigs. The final FPC map assembled at cutoff e-21 was manually merged using evidence from the SyMAP results of the O. nivara FPC/BESs aligned to the IRGSP assembled pseudomolecules (http://www.omap .org). O. nivara paired BES were mapped onto the 36.1-Mb japonica chromosome 3 pseudomolecule using MegaBLAST with an E-value of 10 ‫002מ‬ and Ն95% similarity and then associating the sequences with their corresponding FPC contigs. We applied the high-resolution agarose fingerprinting method with HindIII restriction digestion followed by band calling using IMAGE software in order to size 3163 O. nivara chromosome 3 BAC clones . RepeatMasker with default parameters was used to identify polymorphic SSRs between the japonica chromosome 3 pseudomolecule and O. nivara BAC end sequences. We considered an SSR polymorphic when the repeat length differed by 2 bp or more.
